Nigella sativa, commonly known as black cumin seed, belongs to the botanical family of Ranunculaceae. The active antioxidant components of Nigella sativa display a remarkable array of biochemical, immunological and pharmacological actions, including bronchodilatory, anti-inflammatory, antibacterial, hypoglycaemic, antitumoural and immunopotentiating effects. Effects of Nigella sativa seeds extracts were investigated in freshly isolated human peripheral blood mononuclear cells stimulated with the mitogens phytohaemagglutinin and concanavalin A in vitro. Tryptophan degradation and neopterin production were monitored in culture supernatants, both these immunobiochemical pathways are induced by pro-inflammatory cytokine interferon-γ. Compared to unstimulated cells, the mitogens enhanced degradation of tryptophan and production of neopterin. Nigella sativa seeds extracts significantly suppressed both pathways in a dose-dependent way. Suppression of tryptophan degradation and neopterin formation by Nigella sativa seeds extracts demonstrates an inhibitory influence on activated T-cells and macrophages. Data are in line with an anti-inflammatory activity of the extracts.
Introduction
Nigella sativa, a dicotyledon belonging to the botanical family of Ranunculaceae and known as black cumin seed, grows in Mediterranean countries and has been employed for thousands of years as a spice and food preservative. It has been used in many Eastern Countries as a natural remedy for over 2000 years against a number of different diseases, and the oil and seed constituents, in particular thymoquinine, have potential medicinal properties. Components of black cumin seeds display a remarkable array of biochemical, immunological and pharmacological actions, including bronchodilatory, anti-inflammatory, antibacterial (1), hypoglycaemic, antitumoural and immunopotentiating effects (2) . Evidence has accumulated that both, the oil and its active ingredients, possess reproducible anti-oxidant effects through enhancing the oxidant scavenger system. The oil and thymoquinine have shown also potent anti-inflammatory effects on several inflammation-based models including experimental encephalomyelitis, colitis, peritonitis, oedema, and arthritis through suppression of the pro-inflammatory mediators prostaglandins and leukotriens (3) . It appears that suppression of the production of nitric oxide by macrophages is involved in the beneficial effects of Nigella sativa seeds to ameliorate inflammatory and autoimmune conditions: Nigella sativa increased interleukin-1ß, suggesting an effect on macrophages. Indeed Nigella sativa enhanced the production of IL-3 by human lymphocytes when cultured with pooled allogeneic cells or without any added stimulators. Additionally Nigella sativa was shown to inhibit activation of NF-κB (4) (5) (6) . Transcription factors of the NF-κB family are essential regulators of the inflammatory and immune responses (7) .
In vitro and in vivo, tryptophan degradation and neopterin formation are induced during Th1-type immune response (8, 9) . Both these biochemical pathways are stimulated by Th1-type cytokine interferon-γ (IFN-γ): in macrophages IFN-γ induces GTP-cyclohydrolase I, the key enzyme for neopterin formation (8) . In parallel, IFN-γ induces enzyme indoleamine (2,3)-dioxygenase (IDO) which initiates the conversion of tryptophan via the kynurenine pathway (9) . IDO activity can be estimated by calculating the ratio of the product kynurenine and the substrate tryptophan (kyn/trp) (9) . Thus, the measurement of neopterin and of kyn/trp can be applied to detect immune activation in patients and is useful also to monitor endogenous production of IFN-γ in vitro (8, 9) . Using peripheral blood mononuclear cells (PBMC) stimulated with mitogens, potential immunomodulatory property of compounds or pharmaceutics can be sensitively monitored (10) (11) (12) (13) .
In this study, the influence of Nigella sativa seeds extracts on stimulated and unstimulated PBMC of healthy donors was investigated by measuring tryptophan degradation and neopterin production.
Materials and methods

Test substance
Thirty g of powdered seeds of Nigella sativa from Algeria were added to 30 ml of supplemented RPMI for 24 hours, filtered and frozen by -20°C until use.
Isolation of human PBMC PBMC were isolated from whole blood obtained from healthy donors of whom informed consent was obtained that their donated blood might be used for scientific purposes in case when it was not selected for transfusion. Separation of blood cells was performed using density centrifugation (Lymphoprep, Nycomed Pharma AS, Oslo, Norway). After isolation, PBMC were washed three times in phosphate buffered saline containing 0.2% 0.5 mM EDTA. Cells were maintained in RPMI 1640 supplemented with 10% heatinactivated fetal calf serum (Biochrom, Berlin, Germany), 1% of 200 mM glutamine (Serva, Heidelberg, Germany) and 0.1% of gentamicin (50 mg/ml, Bio-Whittaker, Walkersville, MD) in a humidified atmosphere containing 5% CO 2 for 48h. For each of the three experiments, PBMC were freshly prepared and for each two parallels minimum were performed.
Stimulation of PBMC
Isolated PBMC were plated at a density of 3x10 6 cells/ml in supplemented RPMI 1640, preincubated for 30 minutes with or without the extracts of Nigella sativa seeds corresponding to 0.1, 1 and 5 mg/ml and stimulated or not with 10 µg/ml phytohaemagglutinin (PHA) and 10 µg/ml concanavalin A (Con A, both from Sigma, Vienna, Austria) for 48h.
Measurement of tryptophan degradation and neopterin production
After incubation, supernatants were harvested and tryptophan and kynurenine concentrations were measured by high pressure liquid chromatography (HPLC) using 3-nitro-L-tyrosine as internal standard (14) . To estimate IDO activity, kyn/trp was calculated and expressed as µmol kynurenine/mmol tryptophan.
Neopterin concentrations were determined by ELISA according to the manufacturer's instructions with a detection limit of 2 nM (BRAHMS, Berlin, Germany).
Statistics
Data are presented as mean ± S.E.M. For comparison of grouped data Mann-Whitney U-test was applied. P-values below 0.05 were considered to indicate significant differences.
Results
Unstimulated cells
In supernatants of unstimulated PBMC average concentrations of tryptophan and kynurenine were mean ± S.E.M.: 27.6 ± 0.5 µM and 1.7 ± 0.1 µM. Kyn/trp was 60.4 ± 4.3 µmol/mmol. In unstimulated PBMC, the addition of the Nigella sativa seeds extract significantly increased tryptophan and decreased kynurenine concentrations and kyn/trp in a dosedependent relationship, the differences became significant at dose of 1 and 5 mg/ml (p <0.05 and p <0.01; Figs. 1-3) .
In unstimulated cells, concentration of neopterin was 5.1 ± 0.1 nM. The addition of Nigella sativa seeds extract diminished neopterin production significantly at the highest concentration (p <0.001; Fig. 4) .
Mitogen-stimulated cells
Upon stimulation of cells with PHA kynurenine concentrations increased to 9.4 ± 0.4 µM (Fig. 1) , in parallel, tryptophan concentrations decreased to 12.0 ± 2.2 µM (Fig. 2) . Kyn/trp was nearly 15-fold higher compared to unstimulated cells. Stimulation of cells with Con A increased kynurenine concentration to 4.5 ± 0.4 µM and decreased tryptophan concentrations to 18.3 ± 0.6 µM (Figs. 1 and 2) ; accordingly kyn/trp increased (all p <0.01; Fig. 3 ). Addition of Nigella sativa seeds extracts suppressed the stimulation-induced tryptophan degradation and reduced kyn/trp in a dosedependent way (Figs. 1-3) . At the higher doses kyn/trp reached values even below that of unstimulated cells.
In supernatants of stimulated PBMC neopterin concentration was 16.0 ± 1.2 for PHA and 13.9 ± 1.4 nM for Con A stimulated cells. Addition of seeds extracts suppressed neopterin production dose-dependently, with and 0.1 mg/ml of the extract effects already significantly counteracted the effects induced by both mitogens (Fig. 4) .
Discussion
In stimulated PBMC, neopterin production and tryptophan degradation, were increased compared with unstimulated cells. Nigella sativa seeds extracts dosedependently suppressed both immunobiological effects in PHA-and Con A-stimulated PBMC. Data suggest a suppressive effect on the formation and release of IFN-γ in mitogen-stimulated PBMC, as degradation of tryptophan and production of neopterin are both triggered by this particular cytokine (8, 9) . The capacity of extracts to suppress these immunobiochemical pathways was similar to that obtained earlier when, e.g., anti-inflammatory cytokines like IL-4 and -10 have been tested (10) , and results fit well to observations made earlier with Nigella sativa seeds extracts, in which anti-inflammatory properties were demonstrated (4, (15) (16) (17) .
Antioxidant compounds of Nigella sativa seeds extracts could be important for the observations made, seeds containing both fixed and essential oils, proteins, alkaloids, flavonoids and saponins (3, 4) . It is suggested, that the volatile oil thymoquinone (around 14% in the black seeds), a terpentene, is at least partly responsible for the different immunological and pharmacological actions, including bronchodilatory, anti-inflammatory, antibacterial, hypoglycemic, antitumoral and immunopotentiating effects. Indeed, also antimicrobial and antiviral effects of Nigella sativa seeds could be established (18) (19) (20) . Our data support the concept that Nigella sativa seeds may suppress Th1-type immune response and the production of pro-inflammatory cytokine IFN-γ. Inflammatory processes include oxygen-activating processes where reactive oxygen species (ROS) are produced and the increased production of oxidants and free radicals has become widely recognised as integral component of cell and tissue injury (21) . IFN-γ potently induces production and release of ROS in macrophages (22) which then further amplifies activation of NF-κB and the expression of cytokines. By suppressing generation of ROS also the activation and expression of genes for e.g. different cytokines, chemokines, adhesion molecules, growth factors, enzymes and immune receptors are inhibited. Interestingly, similar effects to suppress neopterin production and tryptophan degradation in mitogen-stimulated PBMC have been observed earlier by other plant extracts and also red and white wine (11) (12) (13) 23) . Available data suggest that the high amounts of antioxidant vitamins and alkaloids could be involved in the anti-inflammatory nature of compounds and extracts (24) . Consequently by inhibiting the release of IFN-γ several pro-inflammatory cascades and thereof developing pathological states might be diminished. Thus, compounds of Nigella sativa seeds may on one hand act as antioxidants by chemically neutralizing ROS, and on the other hand they may also suppress effects mediated by IFN-γ including the formation of ROS, which is induced by the cytokine.
In the course of diseases which go along with cellular immune activation high amounts of ROS which causes oxidative stress are produced. Diseases like cancer, but also HIV-infection and atherogenesis are correlated with higher production of ROS and of the immune activation marker neopterin (8, 25) and with lower concentration of the essential amino acid tryptophan (9) . Increased amounts of neopterin are produced by human monocyte-derived macrophages upon stimulation with the cytokine IFN-γ which forms and Neopterin nM enhances together with neopterin the effects of ROS. The same cytokine stimulates the enzyme indoleamine (2,3)-dioxygenase (IDO) to convert tryptophan into kynurenine. The concentration of neopterin was found to significantly predict disease progression and shorter survival expectation in cancer patients and neopterin elevations indicates the development of oxidative stress in patients (25, 26) . Additionally, neopterin and 7,8-dihydroneopterin were found to interfere with redoxsensitive signal transduction pathways in cells (27) , importantly, the compounds significantly induced the expression of NF-κB in rat vascular smooth muscle cells and in human Jurkat T-cells (28, 29) . Since long, activated macrophages have been claimed to boost tumour growth and spread (30) , only today pathways by which they may support tumour development are better defined, and NF-κB appears to be a key regulator of them (31) . Thus, the suppressive effect of Nigella sativa seeds extracts on neopterin production and tryptophan degradation in stimulated PBMC would be well in line with the wide-spread therapeutic benefits which are ascribed to this herbal product and it is related to the broad spectrum of diseases and disorders in which anti-inflammatory drugs like aspirin are useful.
In summary, our in vitro study demonstrates that Nigella sativa seeds extracts interfere with immunologic pathways which involve Th-1 type cytokine IFN-γ. Data may relate to the health beneficial effects of Nigella sativa.
